Abstract The role of ocean dynamics in the transient adjustment of the coupled climate system to an abrupt loss of Arctic sea ice is investigated using experiments with Community Climate System Model version 4 in two configurations: a thermodynamic slab mixed layer ocean and a full-depth ocean that includes both dynamics and thermodynamics. Ocean dynamics produce a distinct sea surface temperature warming maximum in the eastern equatorial Pacific, accompanied by an equatorward intensification of the Intertropical Convergence Zone and Hadley Circulation. These tropical responses are established within 25 years of ice loss and contrast markedly with the quasi-steady antisymmetric coupled response in the slab-ocean configuration. A heat budget analysis reveals the importance of anomalous vertical advection tied to a monotonic temperature increase below 200 m for the equatorial sea surface temperature warming maximum in the fully coupled model. Ocean dynamics also rapidly modify the midlatitude atmospheric response to sea ice loss.
Introduction
A seasonally ice-free Arctic Ocean is expected by midcentury under the "business-as-usual" greenhouse gas emissions scenario (IPCC, 2013) , with nearly half of the September ice cover already lost (Perovich et al., 2017) . As sea ice disappears, the newly open waters of the Arctic Ocean flux heat and moisture to the overlying atmosphere, warming the lower troposphere and increasing precipitation locally (Deser et al., 2010; Screen & Simmonds, 2010) . Remote impacts are also anticipated via changes in the large-scale atmospheric circulation, but this link is more difficult to observe due to confounding influences from internal variability (Barnes & Screen, 2015; Blackport & Kushner, 2016; Sun et al., 2016) .
The remote response to ice loss can be isolated in modeling studies provided the ensemble size is large enough to reduce the internal variability. In atmospheric models, this response is largely confined to north of 30°N, while in fully coupled ocean-atmosphere models it spans the full globe (Deser et al., 2015 [D15] ). Ocean dynamics play a crucial role in the coupled response, altering the spatial structure and amplitude especially at low latitudes (Tomas et al., 2016 [T16] ). An open question is how long it takes for ocean dynamics to modify the coupled response to Arctic sea ice loss, since previous studies focused only on the equilibrium response. (Blackport & Kushner, 2016 , compared the high-latitude response at equilibrium with that averaged over the first 50 years but did not investigate the transient evolution in detail.)
The purpose of the present study is to investigate the transient adjustment of the global coupled climate system to a sudden loss of Arctic sea ice loss, with a particular focus on the role of ocean dynamics. To isolate the role of ocean dynamics, we perform two 100-year ensembles of coupled model experiments, each subject to the same Arctic sea ice loss but with different ocean configurations: a thermodynamic slab mixed layer and a full-depth ocean that includes both dynamics and thermodynamics. Here we focus on the evolution of the tropical Pacific coupled response and associated changes over the North Pacific. Our results show that ocean dynamics become important within two decades of a sudden loss of Arctic sea ice, considerably faster than often assumed (Cvijanovic et al., 2017) .
Model and Experiments
The model and experimental design are identical to those in T16 and briefly summarized here. We use the Community Climate System Model version 4 (CCSM4) at 1°horizontal resolution in two ocean configurations: full ocean model (FOM) and slab-ocean model (SOM). SOM has FOM's spatially varying mixed layer depth climatology and a spatially varying "q-flux" so that its sea surface temperature (SST) mean seasonal cycle (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) ocean. Differencing the paired simulations isolates the coupled response to late 21st-century Arctic sea ice loss relative to present day. Statistical significance is assessed using a two-sided Student's t test at the 10% confidence level.
Unlike our ensemble, T16 conducted only a single pair of simulations with FOM and SOM, but theirs were 360 years long, allowing them to analyze the equilibrium portion of the response based on years 100-360. They also demonstrated that the SOM reproduces the FOM's equilibrium response when both the sea ice loss and the heat transport response to that ice loss deduced from the FOM are imposed (the latter by means of a q-flux). Thus, the role of ocean heat transport in the coupled response to sea ice loss may be inferred by comparing the SOM and FOM responses.
Results
The SST responses in FOM and SOM (Figure 1 ) show very different evolutions and geographical patterns, depicted by averages over three 20-year periods (years 6-25, 41-60, and 81-100; the first 5 years are omitted while the sea ice is transitioning). The SOM response is dominated by an interhemispheric contrast in all three periods, with significant poleward amplified warming in the Northern Hemisphere (NH) and generally insignificant changes in the Southern Hemisphere (SH), the high-latitude SH warming in the middle period notwithstanding. The FOM response is more complex, with distinctive patterns that evolve over time. In the North Atlantic, a region of cooling occurs along the path of the Gulf Stream Extension, sandwiched between strong warming in the subpolar gyre and a band of weaker warming in the western subtropical gyre that strengthens over time, as well as a warming center emanating from West Africa. In the North Pacific, large SST increases occur in the subpolar gyre, flanked to the south by a narrow center of cooling along the Kuroshio-Oyashio Extension, as well as a tongue of weaker warming extending from the United States into the western subtropics that strengthens over time. In the tropical Pacific, a well-defined center of warming occurs to the west of Central America in the first time period, but by the middle and later periods, the dominant feature is the eastern equatorial warming maximum that strengthens with time. In the SH, positive SST anomalies develop in the extratropics by the middle period and amplify over time. Further amplification of the SST responses occurs beyond year 100 in both FOM and SOM, as seen by comparing years 81-100 with years 100-360 obtained from the longer (single) pair of simulations conducted by T16, but the patterns remain similar (Figure 1 ).
Like SST, the precipitation responses in FOM and SOM show very different spatial patterns and temporal evolutions, particularly in the tropics (Figure 2 ). The tropical rainfall response in SOM is dominated by negative values south of the equator and positive values north of the equator, indicative of a northward displacement of the Intertropical Convergence Zone (ITCZ; Figure 2 ) and accompanying Hadley Circulation (supporting information Figure S1 ), with little change in strength over time (although it strengthens beyond 100 years in conjunction with the southward amplification of the SST anomalies to the north of the equator). Embedded within this broad-scale pattern are regional features, including a narrow band of negative values centered a few degrees north of the equator in the Pacific. The pattern of tropical rainfall response in FOM bears little resemblance to that in SOM, especially after year 25. In particular, FOM generally lacks negative precipitation anomalies in the southern tropics, and the near-equatorial Pacific response consists of two narrow bands of positive anomalies centered a few degrees off the equator in the middle and late periods as well as at equilibrium. In addition, negative anomalies are found over the subtropical North Pacific, a feature largely absent in SOM. The amplitude of the tropical precipitation response is generally weaker in FOM than SOM throughout the simulations. Consistent with the rainfall response, FOM shows an equatorward intensification of the Hadley Circulation, especially in the middle and late periods, a pattern that is nearly orthogonal to the northward shift evident in SOM ( Figure S1 ). FOM and SOM also show opposite Walker Circulation responses in the middle and late periods ( Figure S2 ).
The time evolution of zonal mean SST, surface wind, and precipitation responses in FOM and SOM within the tropics is depicted in Figure 3 . A 10-year running mean has been applied to reduce the noise from residual interannual El Niño-Southern Oscillation variability. The SST response is shown as the departure from the tropical (30°N to 30°S) mean to highlight the relationship between SST gradients and surface winds. The SOM response shows a simple quasi-stationary pattern of southeasterly wind anomalies south of the equator, southerly anomalies at the equator, and southwesterly anomalies north of the equator, consistent with the pressure-gradient force associated with the anomalous northward SST gradient and the Coriolis force. This leads to anomalous surface wind divergence south of approximately 5°S and convergence to the north (not shown), consistent with reduced precipitation in the latitude band 5°S-30°S and enhanced precipitation in the band 5°S to 30°N. This dipole pattern represents a broad northward shift of the climatological double ITCZ (Figure 3 ) and Hadley Circulation ( Figure S1 ). The FOM response shows an evolving structure. In the first 20 years, the SST and wind anomalies are not unlike those in SOM, although the northward directed SST gradient and associated surface wind anomalies are weaker (note the different wind vector scales). Around year 20, however, the FOM response departs markedly from the SOM, with the appearance of a narrow band of warming along the equator, which causes northerly wind anomalies to the north (as far as 10°N), resulting in surface wind convergence over the warm equatorial SST maximum and divergence between approximately 10°N-25°N. This pattern persists through the simulation, with a slight broadening of the southern edge of the equatorial SST warming to approximately 10°S after year 75. The FOM precipitation response follows that of the implied surface wind divergence, with increased rainfall in the band 8°S to 8°N and decreased rainfall to the north and south extending to approximately 25°. Thus, the FOM precipitation response differs strikingly from the SOM, even as early as the second decade after an abrupt loss of Arctic sea ice. Analogous results are found for zonal averages restricted to the Pacific sector ( Figure S3 ).
A key difference between the two coupled model configurations is the rapid development of a distinct SST warming maximum in the eastern equatorial Pacific approximately two decades after ice loss in FOM, a feature that is absent in SOM. To understand the processes responsible for this equatorial warming maximum, we perform a heat budget analysis following Gaspar et al. (1990) and Redi (1982) for the region 10°S to 10°N, 90°W to 150°W, focusing on the upper 100 m to avoid strong contributions from vertical diffusion and entrainment (Buckley et al., 2014; DiNezio & Deser, 2014) . Text S1 provides details of the heat budget calculation. As shown in Figure 4a , the steady increase in temperature averaged over the upper 100 m (T) is due primarily to advection, with a minor contribution from diffusion in the last 20 years, while the net surface heat flux acts as a cooling term. Horizontal advection is the primary warming term in the in the first 25 years (and briefly around year 80), while vertical advection dominates during the remainder of the simulation (Figure 4b ).
The vertical advection term can be subdivided into a term related to the anomalous vertical velocity acting on the mean stratification and a term related to the mean vertical velocity acting on the anomalous vertical temperature gradient (the term related to the anomalous vertical velocity acting on the anomalous vertical temperature gradient is negligible; Figure 4c ). The first term contributes to warming during years 25-70 and cooling thereafter (Figure 4c) , the latter likely a result of anomalous wind convergence and downwelling ( Figure S4c ). The warming effect of the second term steadily increases in importance after year 25 in association with the pronounced warming at depth, with maximum values between 200 and 400 m ( Figure 4c) ; this subsurface warming is more than twice as large as that in the upper 100 m by A heat budget analysis for the 200-to 400-m layer reveals that the subsurface warming is mainly caused by anomalous downwelling and northward flow ( Figure S5 ). The equatorial subsurface warming is part of a larger-scale warming that maximizes between 30°S and 10°S ( Figure S6 ) and which results from anomalous downwelling linked to anomalous Ekman pumping ( Figure S7 ). We note that the associated depression of the 26.5-kg/m 3 isopycnal surface ( Figure S6 ) is consistent with the response to a weakened Atlantic Meridional Overturning Circulation (AMOC; Timmermann et al., 2005) . In our experiments, AMOC decreases by 6 Sv within the first 20 years of ice loss, followed by a partial recovery to À4.5 Sv by year 100 ( Figure S8) , representing approximately one-third of the total AMOC decline under RCP8.5 in CCSM4.
During the first 30 years, the increase in the regional temperature index reflects warming to north of the equator rather than along the equator per se (recall Figure 1) . This initial warming west of Central America is likely the result of a weakening of the local trade winds (i.e., southwesterly wind anomalies) in response to amplified SST warming in the Caribbean and Gulf of Mexico ( Figure S4a) . A similar mechanism has been invoked to explain observed tropical SST changes over the past three decades (Li et al., 2016) . However, in the case of observations, tropical Atlantic warming also induces easterly wind anomalies over the Indian Ocean and western Pacific, which in turn cause SSTs in the eastern tropical Pacific to cool as a result of the Bjerknes ocean dynamic feedback mechanism. Thus, the warming at 200-to 400-m depth in response to Arctic sea ice loss plays a crucial role in determining the sign of the SST response in the eastern tropical Pacific. In this regard, our results are more in line with those of Zhang and Delworth (2005) who showed that a weakening of AMOC induced by an imposed freshwater forcing causes a warming of the eastern tropical Pacific through air-sea interactions. However, in the case of a weakened AMOC, both the North Atlantic and North Pacific cool, opposite to the warming seen in our sea ice loss experiments which contain both the influence of a reduced AMOC and the larger influence of heat released to the atmosphere from the newly open waters of the Arctic Ocean that is transported southward to warm the oceans (see D15 and T16 for further discussion). Thus, neither recent observed tropical trends nor AMOC changes in isolation provide a good analog for the coupled response to Arctic sea ice loss. We conclude our analysis of the transient response of the coupled climate system to an abrupt loss of Arctic sea ice by showing the evolution of 700-hPa zonal winds (U700) and precipitation over the extra-tropical NH in December-February ( Figure 5 ; annual means are similar but with reduced amplitude). Both FOM and SOM show a quasi-steady ring of negative U700 at high latitudes (50°N-70°N) on the poleward flank of the eddy-driven jet, which is directly associated with the reduced meridional temperature gradient resulting from warming of the Arctic lower troposphere. However, the midlatitude U700 responses differ, especially in the Pacific where FOM shows large positive values on the equatorward side of the jet (25°N-45°N) that develop in concert with the tropical Pacific SST/rainfall anomalies (recall Figures 1 and 2 ). In SOM, this feature is considerably weaker, generally insignificant and shifted northward (indeed, SOM shows negative U700 in the latitude band 20°N-35°N ). These differences between FOM and SOM appear within the first 25 years and can be traced to their distinctive tropical SST/rainfall responses via Rossby wave dynamics (see T16 for experimental evidence) and to their opposing subtropical meridional SST anomaly gradients via thermal wind balance .
The extratropical precipitation responses evolve in concert with the U700 responses ( Figure 5 ). In particular, the stronger and southward extended band of westerly wind anomalies over the Pacific in FOM compared to SOM is generally associated with a larger and broader swath of increased precipitation that reaches into the west coast of North America, with weaker precipitation deficits farther south. Like U700, these differences between FOM and SOM are already evident in the first 25 years, although there is more noise in the evolution of the precipitation response than in the U700 response. The contrasting amplitudes and latitudinal structures of the FOM and SOM precipitation responses are especially clear at equilibrium, not only in the Pacific sector but also over the Atlantic where a local signature of the different SST responses in the vicinity of the Gulf Stream is evident.
Summary and Discussion
Whereas previous modeling studies have examined the equilibrium coupled climate response to projected Arctic sea ice loss, we have investigated aspects of the transient adjustment to an abrupt loss of Arctic sea ice, with a particular focus on the tropics and the role of ocean dynamics. To study the relative roles of dynamical versus thermodynamic air-sea interaction, we conducted identical sets of experiments with CCSM4 in the full-depth ocean model (FOM) and slab ocean model (SOM) configurations. The SOM response is dominated by a quasi-steady interhemispheric SST contrast (warming in the NH and little change in the SH), accompanied by a northward shift of the ITCZ and Hadley Circulation. The FOM response is more complex, with distinctive patterns that evolve over time. The tropical SST response is characterized by a distinct equatorial Pacific maximum, which develops within approximately 20 years, accompanied by an equatorward intensification of the ITCZ and Hadley Circulation. These structures amplify with time and are in marked contrast to the SOM response. A heat budget analysis for the upper 100 m of the eastern equatorial Pacific indicates the importance of anomalous vertical advection, which is tied to a monotonic warming at depth (below 200 m). Although further diagnostics and experiments are needed to understand the origins of this subsurface warming, it appears to be qualitatively consistent with the adjustment of the global thermohaline circulation to a density perturbation in the North Atlantic, in this case induced by a freshening and warming of the subpolar gyre due to sea ice melt.
In addition to distinctive tropical responses, FOM and SOM also exhibit some differences in their NH midlatitude atmospheric circulation responses. In particular, FOM shows an increase in lower tropospheric westerlies over the North Pacific, a response that strengthens over time. This aspect is very weak and shifted poleward in SOM compared to FOM. In addition, SOM shows reduced westerlies farther south, a feature that is lacking in FOM. These distinctions in the midlatitude circulation responses between FOM and SOM, apparent even within the first 25 years, can be traced to differences in their tropical Pacific SST responses and affect the precipitation response along the west coast of North America among other regions.
In summary, the coupled ocean-atmosphere response to an abrupt loss of Arctic sea ice is rapidly (within 20-30 years) and markedly modified by dynamical ocean processes. To what extent our results depend on the particular model used and the experimental design remains to be ascertained.
